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spectively, for the atmospheric-pressure condition. And they 
were 1.8, 2.3 and 2.4 for the low-pressure condition. The 
local enhancements at the top of tubes were 5.2 and 3.8 for 
s = 0.5 mm, 6.6 and 4.8 for 3s = 1.0 mm, and 6.6 and 5.5 for 


s = 1.5 mm at atmospheric and low pressures, respectively. 
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I. INTRODUCTION 


A. BACKGROUND 

In this highly technological society, the requirements 
to remove large quantities of heat efficiently has sparked 
numerous studies to collect | information to assist in 
the improvement of the heat-removal process. Considering 
the basic equation which governs heat transfer for fluid 
systems, allows one to realize in which areas 
improvements are possible: 


Q = UA(LMTD). 


The equation . involves the logarithmic-mean-temperature 
difference, which is normally defined by the application 
being considered and cannot be considered a variable 
quantity. Also, included in this relationship is the overall 
heat-transfer coefficient which is dependent on the 
construction, composition, and cleanliness of the condenser 
tube as well as the fluids being employed. Varying the 
above-mentioned parameters provides’ the designer with 
limited control over the efficiency of the system's 
condenser. That leaves the heat-transfer area which can 
be varied in order to increase the rate of heat transfer. 
There are only two possibilities when changing the heat- 
transfer area, which are: (a) increase the size or length of 


the tubes which increases the size and weight of the 
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condenser, or (b) replace smooth tubes with externally finned 
tubes, resulting in a smaller size and weight of the 
condenser. 

In the application of steam to Naval vessels, both size 
and weight of major components) have direct impact on the 
vessel's characteristics and ability to perform efficiently 
her Wrission requirements. Therefore, in order to increase 
the heat-transfer rate per unit weight, the addition of 
integral fins to the tubes of the condenser is the 
desired alternative under investigation. 

Extended surfaces have been widely employed in 
refrigeration systems for many years. The presence of 
fins increases the effective heat-transfer area of the heat 
exchanger which enhances heat transfer. Further, when 
applied ‘to condenser-type applications, the effect of the 
extended surfaces exceeds the expected increase in heat- 
transfer performance based on the increase in heat-transfer 
area alone (1,2). The additional increase in heat-exchanger 
effectiveness is attributed to the smaller condensate travel 
distance (as discussed in Chapter II, iD D) and the role 
played by the surface-tension forces which tend to thin the 
condensate film [2,3]. 

The enhancement of the condenser tube by the addition of 
fins can be accomplished either on the water or steam side 
of the tube. The addition of extended surfaces on the water 


side would increase frictional pressure drop, thus creating 
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additional pumping power. Most importantly, internal fins 
would raise serious questions as to increased fouling and 
difficulties associated with cleaning of such tubes. On the 
other hand, enhancement of the outside surface of the tube 
can be accomplished with greater economic advantage. 
Therefore, the addition of fins to the condenser tubes has 
been limited to the outside surface of the tubes. 

Recent studies have considered both numerically and 
experimentally methods of predicting the effects’ on the 
outside heat-transfer coefficient due to the presence of 
fins (2,4,5,6,7,8,9]). Additionally, studies have considered 
a variety of fins of many different configurations and 
materials in order to determine the optimum characteristics 
when applied to specific applications [3,10]. 

The specific configuration of the fins on a condenser 
tube -determine the steam-side heat-transfer performance. As 
it has been well established, some portion (i.e., lower 
portion) of a finned tube undergoing condensation is usually 
fully flooded by condensate. Owing to considerably large 
condensate film thickness, the heat-transfer performance of 
this flooded portion is generally poorer than the upper, 
unflooded portion of the tube. The extent of flooding is 
strongly dependent on the fin spacing and the surface tension 
to density ratio of the condensate. As discussed in Chapter 
II in detail, the extent of flooding is usually expressed by 


the condensate retention angle (i.e., the angle measured from 
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the bottom of the tube to the position at mniilon the 
condensate just fills the interfin spacing, see Figure 1.1). 
The condensate retention angle has been studied thoroughly 
both theoretically and experimentally and agreement, in 
general, has been very good. 

Wanniarachchi et al. [2] and Yau et al. [1] showed 
considerable heat-transfer enhancement for condensation of 
steam on finned tubes with a fin spacing of 0.5 mm even 
though these tubes were completely flooded by condensate 
(1l.e., water). In fact, they reported enhancements (1.e., 
the ratio of finned tube condensing coefficient to the value 
for the corresponding smooth tube) at least as much as7 the 
area enhancement. These enhancements were higher than can be 
explained by one- or two-dimensional conduction through the 
composite of fins and condensate. Therefore, more 
pepiicated heat-transfer and fluid-flow mechanisms are 
believed to occur on finned tubes undergoing filmwise 
condensation. 

Based Se Gre above discussion, the major thrust of this 
thesis is to attempt experimentally to measure the "local" 
condensing heat-transfer coefficient of a finned tube 
undergoing filmwise condensation. As discussed Wachaerer IV 
in detail, data have been taken on finned tubes by 
systematically insulating a measured angular portion (both 
on the inside and outside surfaces) of the finned tubes. A 


Comprehensive pool of data for this situation has_ been 
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gathered in order to reveal the relative heat-transfer 
performance of flooded and unflooded portions of finned tubes 
undergoing filmwise condensation. 

This thesis effort is a continuation of research being 
conducted at the Naval Postgraduate School (NPS) under a 


— 


grant from the National Science Foundation. 


B. OBJECTIVES 
The main objectives of this thesis are as follows: 
1. Take data using three finned copper tubes with a fin 
thickness and height of 1.0 mm and fin spacings of Q.5 
mm, 1.0 mmandi1.5 mm to demonstrate repeatability 
with the data collected on the present apparatus by 
previous investigators. 

2. Take data~ using the above-mentioned tubes while 
-systematically insulating upper portions of the tubes. 
3. Determine the variation of the local outside heat- 

transfer coefficient in view of condensate retention 
angles. 
4. Observe and study the mechanisms that occur in the 


Flooded region of the tube. 
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It. PREVIOUS INVESTIGATIONS ON HORIZONTAL FINNED TUBES 


A. GENERAL OBSERVATIONS 

In a condenser, when vapor condenses in a filmwise mode 
on smooth horizontal tubes, a condensate film always exists 
around the tube. The latent heat of the vapor that is 
released during condensation will eventually ne absorbed by 
the coolant flowing through the tube. The condensate film 
provides an additional resistance to the transfer of heat due 
to the low conductivity of the liquid. This resistance 
increases as the film thickness increases around the 
periphery of the tube starting from the top of the _ tube 
towards the bottom. Therefore, it becomes necessary to reduce 
the condensate film thickness in order to enhance the heat- 


= 


transfer performance. For horizontal tubes, thinning of the 
ena film can be achieved by employing finned surfaces. 

On a finned tube, the flow of condensate between the fins 
ls greatly affected by the ratio of surface tension forces to 
gravity forces. The surface tension effect on the behavior 
of the condensate is composed of two factors. One is’ the 
effect of reducing the condensate film thickness on the fin 
flanks in the unflooded region of the tube, which leads to 
enhanced heat transfer. In this region, the condensate on 
the fin surface is driven by combined gravity and surface 


tension forces into the fin root where it is drained by 


gravity. The other factor is the effect of retaining 
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condensate between. the fins in the lower, flooded region of 
the tube, which leads to a decrease in effective surface 
area. The flooded portion of the tube is defined by the 
retention angle which was previously discussed in Chapter I. 
It is clear that for a given finned tube, the heat-transfer 
per formance increases with decreasing retention angle. 
Therefore, any means’ o£ reducing the retention angle is 


beneficial. 


B. EXPERIMENTAL AND THEORETICAL STUDIES 
1. Condensate Retention 

The first measurements of condensate retention were 
made by Katz et al. [11] in 1946. These measurements wee 
made under static conditions Lie. no condensation 
occurring) using water, aniline, acetone, and carbon 
tetrachloride on ten different tubes with fin densities from 
276 to 984 fins/m, and fin heights from 1.2 to 5.7 mm. The 
retention measurements were performed both by visual 
observation and by weighing the amount of retained fluid. 
Theoretical treatment of the problem using the measurement of 
surface tension by a capillary tube and by the pendant drop 
method was made to develop a formula to predict condensate 
retention as a function of condensate properties and _ the 
dimensions o£ the tube. Their results for the condensate 


retention angle is given by the equation, 
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Ya —=__ . ( 255) 
sinw 9/8 1 (p?—D2)s 980 
a 
where 
o = surface tension, 
P, = density of condensate, * 
g = acceleration of gravity, 
D. = Giameter of tube at fin tip, 
Da outside diameter of tube, and 
s = fin spacing. 


It was shown that condensate retention depends mainly on the 
ratio of surface tension to liquid density and on the _ fin 
spacing. 

In 1981, Rudy and Webb (4) measured condensate 
retention angles on three iieaqgraeeun tubes with three fin 
densities (748, 1024, and 1378 fins/m). They used three 
different fluids (water, R-1ll, and n-pentane) under both 
static and dynamic conditions. Their results showed that the 
retention angle increases as the surface tension to density 
ratio of the fluid increases. They also showed that’ the 
difference between static and dynamic retention angles’ was 
very small. For water, they reported that a significant 
portion of the tube surface was flooded. 

In 1982, Rifert [13] developed equation (2.2) for the 
retention angle using a model of the capillary rise height of 


the fluid along a vertical plate, 


22 


a (22) 


p,gD-A 


yes !f1— 
fp 


where 
P = wetted perimeter, 
= fin pitch, and z 
i. profile area of the fin. 
Later, in 1983, Rudy and Webb [(6) developed an 
analytical model to predict condensate retention. They used 


two finned sections, one in tubular form and the other by 
splitting the tubular section and unrolling it into a 
vertical plate. They found that the vertical rise height of 
the condensate was the same for both these cases. 
Based on this observation, they modelled condensate retention 
on a flat plate to express the same on the finned tube. They 
made a simple force balance on the free body of condensate 
and developed an expression for the condensate retention 
angle as given by equation (2.3): 


wd - (2.3) 


l 
Ww = cos | _ 
ppgesDd, 


where 

e-= fin height. 
Both their analytical and test results showed that the 
retention angle increases with increasing surface tension-to- 
density ratio. Experimental results using water, R-1l, R-12, 


ammonia, and n-pentane were predicted to within 10 percent. 
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Owen et al. {[{8) also recognized the necessity of 
including the effects of condensate retention in the heat- 
transfer models. They also assumed an analysis for the 
static case to be valid for the dynamic situation. A simple 
force balance between surface tension and gravitational 
Forces resulted in an equation of the condensate retention 
angle as shown below: 


do | (2.4) 


This equation is the same as equation (2.3), except that 
equation (2.4) is independent of fin thickness (t). A good 
agreement between this equation and the available data was 
reported by Rudy and Webb [4]. 

In 1983, Honda et al. (5) performed experiments on 
finned tubes with and without porous’) drainage plates 
employing methanol and R-113 as working fluids. They showed 
through a photographic study that the static and dynamic 
profiles of the retained condensate were approximately the 
same, and, by attaching a porous drainage plate, they 
demonstrated a significant reduction in the retention angle 
by reducing the amount of fluid retained between the _ fins. 
Performing a simple force balance which considered the 
effects of Gravity and surface tension forces on _ the 
condensate, they developed a theoretical equation to be used 


to predict the condensate retention angle as follows; 
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ys eos - AE (2.5) 
ppg sv, 

where $ = fin tip half-angle. 

They reported very good agreement between their theory, their 
own data and other available experimental data [4]. 

' Yau et al. [1} measured the condensate retention 
angle using R-113, water, and ethylene glycol for finned 
tubes with and without drainage strips. They used an 
apparatus to simulate condensation on the tubes. They showed 
that a drainage strip attached edgewise along the bottom of 
the tube has a significant effect on removing the condensate 
reducing the amount of liquid retained between the tube fins. 
They modified the Honda et al. model (equation 2.5) in order 
to fit their experimental data, and developed the following 


empirical relationship: 


“ 1.66 ocos B ; (2.6) 


ay 
w = cos | 
p, 8 sD, 


Continuing with their investigation of condensate 
retention, Rudy and Webb [14), in 1985, modified their 
previous model [6] for predicting the condensate retention 
angle on horizontal tubes with fins of arbitrary shape. 
Experiments were made on four finned tubes possessing fin 
densities ranging from 748 to 1378 £fins/m and one spine-tube 
with a fin density of 1378 fins/m. The fluids employed in 


the testing were R-11, n-pentane, and water. In addition, 


they tested a Thermoexcel-C tube with a fin density of 1417 


25 


fins/m and R-11 as the working fluid. This model is based on 
the assumptions used for their previous model (equation 
(2.3) This work resulted in the following equation to 


predict the condensate retention angle: 


-1f, 20 (P—t,) (2.7) 
W = cos - 


where 
P = wetted perimeter of fin cross section, 
t, = £in base thickness, and 
A_= profile area of fin over fin cross section. 

From equation (2.7), the retention angle increases 
with an increase in the surface tension to density ratio of 
the liquid, fin density, or with a decrease in tube diameter. 
For the case of a horizontal tube with rectangular-shaped 
fins, equation (2.7) reduces to equation (2.4). The 
experimental deviation from the predicted value of equation 
(2.7) was within 10 percent. 

Honda etal. [9], in 1987, presented a new model 
which included the effects of condensate . flow and heat 
transfer on the fin root tube surface in the unflooded region 
of the tube, and the wall temperature variation between the 
fin root and the fin root tube surface. This work resulted 
in the extension of the expression for the flooding angle to 
include the case of relatively large fin spacing as compared 


with the fin height which is equation (2.8) as follows: 
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y = os” '(1-x] for o<X <2 








(2.8) 
yw =0 for 2 <X 
4o 
where = forss2e 
p,gD-s 

( 40 (2) 

p,gD,s e 
= —eee for s>2e 


2] 


S os — 
i 
Ze 


\ 


where s is the fin spacing and e is the fin height. 

In 1987, Masuda and Rose [15] considered four separate 
"Flooding" conditions. These four conditions were based on 
the meniscus profile at various locations around the’ tube. 
The conditions considered were as follows: 

(a) when the interfin space is just filled by the meniscus 
but the fin flanks are not fully wetted, 

(b) when the fin flanks are fully wetted but the interfin 
Space is not, 

(c) when the entire interfin space is just wetted and the 
contact angle of the meniscus at the fin tip is. non- 
zero, and | 

(d) when the flanks of the fin are just wetted with a 
Finite film thickness at the center of the interfin 
space. - 

Separate expressions were developed for each of these 
conditions. The last condition considered corresponds to the 


condensate retention angle which is given by: 


Pod 


ee. 
= = ————_ - 1 
y = cos pgstr, (2298) 
2. Heat Transfer on Finned Tubes 
Initial studies of condensation heat transfer on 


finned tubes began in 1948 when Beatty and Katz [16) 
eee emed experiments with propane, n-butane, sul fur-d loan 
methyl chloride, and R-22 on single finned tubes with 
densities from 422 to 630 fins/m. They reported enhancements 
as high as 2.3 on the overall condensation heat-tranenee 
coefficient for the finned tubes compared to smooth tubes 
using R-22, with a water-side velocity of 6 ft/sec. However, 
they did not compare the enhancement on the vapor-side heat- 
transfer coefficient, which were approximately six. 

Using Nusselt [17] expressions for a horizontal smooth 
tube and for a vertical flat plate to represent the interfin 
tube area and the fin surface, respectively, and by modifying 
the leading coefficient from 0.728 to 0.689 to fit their 
experimental data, Beatty and Katz arrived at the following 


Simple correlation equation (2.10) as follows: 
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This correlation was shown to predict their data for 
low-surface-tension fluids within about 10 percent. However, 
recent studies [18] have shown that this correlation could 
significantly overpredict the data for high-surface-tension 
AmGds ~esuch as water. - 

In 1971, Karkhu and Borovkov [19] obtained data for 
condensation of steam at near-atmospheric pressure on four 
horizontal tubes having different configurations of 
trapezoidally shaped fins. For both steam and R-113, they 
reported a 50-100 percent increase in the condensing  heat- 
transfer coefficient on three tubes compared to a smooth 
tube. The fourth tube with a fin height of 2.05 mm, a fin 
root thickness SENS mm, a fin semivertex angle of 16.5 
degrees anda fin density of 670 fins/m resulted in no heat- 
transfer enhancement. Unfortunately, the authors did not 
elaborate on the reasons why no heat-transfer enhancement was 
observed for the fourth tube. Their results showing nearly 
the same heat-transfer enhancement for both steam and R-113 
appear to be somewhat surprising, based on the recent data as 
discussed in this section. 

In 1980, Carnavos [20] tested a wide variety of 
finned tubes using R-1l and discovered increases in the 


condensing heat-transfer coefficient as much as 5 times 


that of the smooth-tube values. Rudy and Webb (41), in 
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1983, reported data for R-11 condensing on four tubes with 
different fin geometries. Their results indicated that the 
vapor-side coefficients exceeded Nusselt values by factors of 
approximately 7 to 9 (for a constant temperature drop acHeae 
the condensate film). Honda et al. {5], in 1983, tested 
four low-fin tubes with different fin geometries using 
aeeuseee and R-113 as condensing fluids. Vapor-side 
enhancements of 9 for R-113 and 6 for methanol were found. 
Yau et al. [1], in 1984, reported heat-transfer coefficients 
for steam at St noSoReeNe pressure condensing on thirteen 
tubes with rectangular-section fins for which the fin spacing 
was the only variable, while the fin height and thickness 
were constant at 1.6 mm and 0.5 mm, respectively. These 
tubes had a root diameter of 12.7 mm and the fin spacings 
were 0.5, 1.0, 1.5, 2.0, 4.0, 6.0, 8.0, 10.0, 1220p 
16.0, 168.0, ..and.20.2.0 mm: They reported an optimum vapor- 
Side enhancement (computed at a heat flux of 90.5 Mw/m2 
of around 4.4 for the tube with a fin spacing of 1.5 mn. 

In 1981, Rudy and Webb [4] proposed a modification to 
the Beatty and Katz correlation as shown below by taking the 


condensate retention angle into consideration: 





no | (2.210 
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RW BK 
where wy is the condensate retention angle. As can be seen 


from this equation, they neglected any heat transfer through 


the flooded portion of the tube. Even though this assumption 
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appeared sound at that time, they showed that equation (2.11) 
underpredicted their R-11 data by 10 to 60 percent. 

In 1983, Owen et al. [8] extended the Rudy and Webb 
model to include heat conduction through the composite fins 
and condensate film (which has a thickness equal to the fin 
height) in the flooded portion of the tube. Even though this 
eae] made a slight improvement over the Rudy and Webb foe 
none of these simple models were capable of adequately 
addressing the complex physical problem at hand. 

As discussed earlier, surface tension has been 
recognized to play an important role in the unflooded portion 
of the tube. In this manner, any successful model must 
recognize the effects of surface tension fully toward heat 
transfer and in fluid flow around a finned tube 
circumference. Gregorig [21] introduced the concept of 
condensate film thinning as a result of surface-tension- 
caused pressure gradients, and Karkhu and Borovkov [19] 
applied this concept to a simplified case involving tubes 
with trapezoidal fins. 

Over the past few years, a number of studies involving 
theoretical oor numerical approaches have shown considerable 
promise towards complete understanding of this phenomenon. 
In fact, in 1983 Honda and Nozu (S] presented a complex 
numerical model, which included proper consideration to 
Surface-tension effects, to compute the condensing heat- 


transfer coefficient on finned tubes. They numerically 
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solved their fourth-order differential equation for the 
condensate film thickness. They showed this model to predict 
most of the data for 11 fluids and 22 tubes within a range of 
20 percent. However, this model disagreed by up to 40 
percent with steam data. 

In 1985, Webb, Kedzierski and Rudy [22] formulated a 
new mode 1 based on an expansion developed by Adamek [23] for 
the average heat-transfer coefficient over the fin surface 
for a family of special fin shapes. They treated the 
interfin area in the flooded portion of the tube as 
condensation ona smooth tube. They made a correction to 
account for the additional condensate loading owing to’ the 
Flow of condensate from the fin surfaces to the interfin 
area. Also, they computed the heat-transfer coefficient in 
the flooded portion of the tube using a two-dimensional 
conduction model. Webb et al. [22] have showm that their 
model agreed with their data for R-11 within 20 percent for 
Finned tubes. 

In 1987, Honda et al. {9] improved upon their earlier 
model by including the effects of condensate flow and heat 
transfer on the fin root tube surface in the unflooded region 
of the tube, and the wall temperature variation between the 
fin root and the fin root tube surface. They compared their 
predictions with experiemental heat-transfer coefficients for 
12 fluids and 31 tubes. Most of the data agreed within about 


20 percent. However, this model was shown to underpredict 


32 


the data on a fully flooded tube (i.e., when condensing steam 
on a finned tube with fin spacing of 0.5 mm) by up to 40 
percent. As discussed later in this’ section, their 
predictions for this tube appear to be quite impressive 
though further improvements are necessary. Despite the 
considerable success shown by Honda et al., it appears 
Bomewhat impractical to use this model as a design E001 owing 
to its complexity. 

During the last four years, a wide variety of data has 
been obtained at the Naval Postgraduate School (NPS) for film 
condensation of steam on horizontal finned tubes under a 
grant from the National Science Foundation. The basic test 
apparatus was constructed by Krohn [24]. Graber 
[25] provided the instrumentation and took preliminary data 
as the system experienced problems with non-condensing gases 
and partial dropwise condensation on copper tubes. Poole 
(26] made further improvements on the apparatus, especially 
in achieving leak tightness. He operated the apparatus both 
under low pressure and at atmospheric pressure, and tested a 
total of six finned tubes, with different fin spacings, as 
well as a smooth tube. Poole experienced problems due to the 
occurrence of partial dropwise condensation. Using this 
system, Georgiadis [27] was able to obtain complete filmwise 
condensation on a smooth tube and on 21 finned copper’ tubes 
with rectangular-section fins. Based on both low pressure 


(approximately 85 mm Hg) and atmospheric runs, Georgiadis 
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reported an optimum fin spacing of 1.5 mm and an optimum 
thickness of 0.75 to 1.0 mm. Among the finned tubes with a 
fin height of 1.0 mm, the tube with a fin spacing of 1.5 mm 
and fin thickness of 1.0 mm provided the best heat-transfer 
performance. This tube resulted in a steam-side enhancement 
(i.e., the ratio of steam-side coefficient for the finned 
tube Ss the value for the smooth tube for the same neat eine 
of about 4 and 5.7 at low pressure and at atmospheric 
pressure, respectively. In 1985, Flook [28] tested 19 
additional tubes. These tubes included two sets of four 
tubes with fin heights of 0.5 and 1.5 mm, respectively. He 
found an optimum fin spacing of about 2.0 mm for rectangular- 
shaped fins with a fin thickness of 1.0mm, and fin height of 
0.5 mm and 1.5 mm. He obtained maximum enhancements of about 
4.8 and 6.9 at low and atmospheric pressures, respectively. 
_Mitrou [10] obtained data for 26 copper tubes with 
circular fins of rectangular, - triangular, trapezoidal and 
parabolic cross sections, for spiral fins of triangular cross 
section and for wire-wrapped tubes. A near-parabolic fin 
shape that provides a gradually decreasing curvature from fin 
tip to fin root resulted ina 10to 15 percent increase in 
steam-side heat-transfer coefficient over other fin shapes. 
Therefore, he concluded that fin shape does not appear to be 
as crucial a variable as fin spacing [3]. 
Continuing with this research project, Cakan [29] 


performed measurements for filmwise condensation of steam 


34 


under low pressure and at near-atmospheric pressure on 
horizontal finned tubes attached with bronze porous and solid 
drainage strips. The purpose of this study was to measure 
the effects of these strips on the condensing heat-transfer 
performance, through the reduction of condensate retention 
angle. In addition, the effects of drainage strip type, 
ee nieknessiiwerelifivestiqateds aA tetal of 16 
drainage strips were manufactured and tested on two finned 
tubes each with a fin thickness and height of 1.0 mm and with 
a fin spacing of 0.5 mm and 1.0 mn. The heat-transfer 
performance generally increased with increasing porous strip 
height up to a possible optimum value between 11 and 15 mm. 
Of the pore diameters tested (0.05-0.013 mm, 0.025-0.05 mm 
and 0.0025-0.013 mm), the strip with an average pore diameter 
of 0.025-0.05 mm gave the best heat-transfer performance. 
This optimum strip type showed an optimum strip thickness of 
mo. 2 MM. The solid strips showed an optimum strip thickness 
or 1.5 mm. The optimum porous strip gave a 9% and 17% 
greater steam-side enhancement than the optimum solid strip 
for low and atmospheric pressures, respectively. For the 
Finned tube with a fin spacing of 0.5 mm, a maximum 
enhancement of about 1.6 was found when it was attached with 
a 5.2-mm-thick, 8-mm-high porous strip having a pore diameter 
of 0.025-0.05 mm. 

Because of the low thermal conductivity of non- 


metallic liquids, heat transfer through the flooded portion 


35 


of a finned tube should be considerably lower than that 
through the unflooded portion. However, as stated in Chapter 
I, Wamnniarachchi et al. [4] showed considerable enhancement 
for a finned tube with a fin spacing of 0.5 mm, which was 
fully flooded by condensate both at low and atmospheric 
pressures. 


Lae —~— 


3. Comparison of Predictive Models with Heat-Transfer 
Data 





Rudy and Webb (4] suggested that the successful 
predictions of heat-transfer data for low-surface-tension 
fluids by the Beatty and Katz correlation was fortuitous. 
They reasoned that the degradation of the heat-transfer 
performance owing to the lower flooded (though small for low- 
surface-tension fluids) portion was perhaps compensated by 
the increased heat-transfer performance through the unflooded 
portion owing to thinning of the condensate film by surface- 
tension forces. Because of these unsettled issues, it is 
important that a truly successful model be capable of 
predicting the condensing heat-transfer coefficient of steam 
on finned tubes. 

As shown in Table 1 [18], four heat-transfer models 
have been compared with experimental results obtained at’ the 
Naval Postgraduate School. This table lists the computed 
condensate retention angles and the ratios of experimental 
heat-transfer coefficient to predicted values for the six 
Finned tubes. From the data listed in Table l, the following 


observations can be made: 
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(a) 


(b) 


In comparing the Beatty and Katz model [16) (column 3) 
with the experimental data, it is demonstrated that 
this model highly overpredicts the data for tubes with 
smaller fin spacings. This is a result of neglecting 
the presence of a flooded, low-heat-transfer portion of 
the tube. As the fin spacing increases, the extent of 
eee eeae tien decreases as a result of ASGROAGAAE 
condensate retention angle. For tubes with afin 
spacing of 4 mm or more, the Beatty and Katz cor- 
relation underpredicts' the heat-transfer performance. 
This observation appears to be a result of additional 
thinning of condensate film owing to the existence of 
surface-tension forces. 

The Rudy and Webb model [4] (column 4) which is an 
extension of the Beatty and Katz model is not valid’ for 


a fully flooded tube. This model underpredicts consid- 


- erably the data for all other five tubes under both 


(c) 


pressure conditions. This strongly suggests that there 
exists considerable heat transfer through the flooded 
portion. 

Another extension of the Beatty and Katz model is’ the 
Owen et al. [8] (column 5) model. The initial presen- 
tation of this model appeared to peyein error due to the 
incorrect combination of the unflooded and _ flooded 
portions of the finned tube. The model presented in 


this thesis is the corrected version which provides 
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(d) 


somewhat improved predictions over the Rudy and Webb 
model (column 4). Yet, it underpredicts the data by up 
to about 60 percent, while for the fully flooded tube, 
it underpredicts the data by a factor of up to 3.3. 

The last column in Table 1 represents predictions made 


by the Webb et al. model [22]. As can be seen, except 


< — 


for the fully £looded tube, their model is seen to pre- 
dict the data within about 20 percent. It is very 
encouraging to see a fairly simple model predicting the 
data successfully. A more realistic representation of 
the heat-transfer performance through the _ flooded 
portion, together with the Webb et al. model, appears 
to show considerable promise for the future. It is 
important to note that heat-transfer models which do 
not consider the effects of surface-tension-induced 
flow in the unflooded portion of the finned tube 
provide inaccurate predictions of the experimental 
data as demonstrated by the first three models used in 


the above comparison (columns 3,4,5). 
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TABLE 1 


COMPARISON OF HEAT-TRANSFER DATA WITH PREDICTIVE MODELS 








39 


Condensate h h a h 
Fin Spacing Retention 2 2 a mer 
(mm ) Angle (deg) ree on ie Le 
Vacuum runs, q = 0.25 Mw /m* 
180 02323 00 2.264 2.264 
110 0.619 1.602 1.247 0.978 
84 0.808 1.520 1.281 0.962 
71 0.797 1.318 1.139 0.852 
49 1.093 1.497 i335 1.029 
32 Le2TS 1.550 1.415 1.033 
Atmospheric q = 0.75 Mw /m* 
180 0.475 @0 3.316 3.316 
103 0.741 1.744 1.402 1. Lue 
719 0.993 1.786 1.526 1.161 
67 1.014 1.627 1.419 1.076 
46 1.312 Petviz2 1585 1.214 
31 1.368 1.653 1.509 1.073 


III. DESCRIPTION OF TEST APPARATUS 


A. TEST APPARATUS 

The test apparatus used for this investigation was 
essentially the same as used by Georgiadis [27], Flook [28], 
and Mitrou [10]. A schematic of this apparatus is shown in 
Figure 3.1. Steam was generated using distilled water in 
a 304.8 mm (12 in.) Pyrex glass section which was’ fitted 
with ten 4000-watt, 440-volt Watlow immersion heaters. The 
steam from the boiler flowed upward and passed through a 
304.8 mm (12 in.) to 152.4 mm 9 (6 in) reducing section 
into a 2.44 m (8 £t.) long section of Pyrex glass piping. 
The steam flowed through a 180-degree bend and entered into 
a 1.52 m long section before finally entering the 
stainless-steel test section, which is shown in Figure 3.2. 
The test tube was mounted horizontally in the test’ section. 
A portion of the steam condensed on the test tube, while 
the excess steam travelled downward and condensed in the 
auxiliary condenser. The condensate drained back to the 
boiler by gravity, completing the closed-loop operation of 
the system. 

The exit side of the test tube was provided with a 
mixing chamber for accurate measurement of the outlet 
temperature of the coolant. A view port was provided in the 
test section to allow visual observation of the condensation 


mode to ensure complete filmwise condensation during each 
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Figure 3.1 
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Figure 3.2 
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run. The auxiliary condenser consisted of two 9.5 mm (3/8 
in.) diameter water-cooled copper tubes helically coiled toa 
height of 457 mm (18 in.). The auxiliary condenser was 
cooled by a continuous supply of tap water through a flow 
meter. A throttle valve was provided to control the flow 
rate through the auxiliary condenser, thus keeping’ the 
stem at the desired internal pressure. For Beano ler when 
the flow rate through the test tube was decreased, the flow 
rate through the auxiliary condenser had to be increased. 
Filtered tap water was collected ina large sump with a 
Capacity of about 0.4 cubic meters (Figure 3.3), and was used 
to cool the test tube. Two centrifugal pumps, connected in 
series, took the water from the sump and passed it through a 
flow meter into the test tube. A valve on the discharge side 
of the second pump, and before the flow meter, allowed the 
velocity of the water flowing through the test tube to be 
varied from 0 to 4.4 m/s (14.4 ft/sec). 

A vacuum pump was operated continuously during the 
Operation of the apparatus to remove non-condensing gases 
from the test section. The system used to remove 
non-condensing gases is shown in Figure 3.3. It was 
unavoidable that the vacuum pump mainly drew steam with 
trace amounts of air (non-condensing gases). To minimize the 
contamination of the pump by the steam, another condenser 


Was provided to condense as much steam as possible. This 
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Figure 3.3 
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condenser was cooled with the filtered tap water before 
entering the large sump. The condensate from this steam 


collected in a Plexiglas cylinder to be drained later. 


B. APPARATUS MODIFICATIONS 

The original outside stainless steel casing of the 
auxiliary condenser was replaced by a Pyrex glass section 
which allowed visual observation of the auxiliary condenser 
operation. In addition, it allowed increased ability to 
detect possible system leaks. Following the installation of 
this section, a leak was identified on the auxiliary 
condenser drain lines. The detection and repair of the 
leak reduced the system leak rate corresponding to a 
previous pressure rise of 12 mmHg in 24 hours to the present 


value leak rate of about 1 mmHg in 24 hours. 


C. INSTRUMENTATION 

The electrical power input to the boiler immersion 
heaters was controlled by a panel-mounted potentiometer. In 
order to compute the input power to the boiler, a root-mean- 
Square converter with an input voltage of 440 VAC generated a 
signal which was’ fed to the data-acquisition system. A more 
detailed description of the boiler power supply is provided 
by Poole [26]. The temperatures of the steam, condensate and 
the ambient were measured using calibrated copper-constantan 
thermocouples made of 0.25 mm diameter wires. Two of them 


were used for the steam temperature, one for the returning 
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condensate and one for the ambient temperature. These 
thermocouples had an accuracy range of within 0.1K when 
compared against a platinum-resistance thermometer. 
Since the temperature rise of the coolant through the test 
tube is the most eritica measurement, considerable 
attention was paid to obtaining the highest possible 
accuracy. For this purpose, two independent temperature. 
measurement techniques were employed: a Hewlett-Packard 


(HP) 2804A quartz thermometer with two probes having a 


resolution of 0.0001 K, along with a 10-junction, 
series-connected copper-constantan thermopile with a 
resolution of 0.003 K. For all of the data collected, the 


quartz thermometers and the thermopile agreed to within 
0.03 K, and when the difference was outside 0.03 K, the 
data set was disregarded and a repeat set was made. The 
cooling water flow rate was measured using a calibrated 
rotameter and the value was fed manually to the computer. 
Another rotameter was provided to adjust the cooling water 
Flow rate through the auxiliary condenser. 

A pressure tap located about 50 mm above the test tube 
was connected to a U-tube, mercury-in-glass manometer, 
graduated in millimeters, to measure the absolute pressure of 
the system. At the beginning and at the end of each test 
run, an accurate pressure reading was made and entered into 
the computer. The measured system pressure and the 


saturation pressure corresponding to the measured steam 
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temperature were used to compute the concentration of any air 
that might be present. For this purpose, a Gibbs-Dalton-type 
relationship was’ used. The computed non-condensing gas 
concentration was found to be within - 1.5 to 0 percent. 
Such a value revealed that major air leaks did Gt take place 
following the last vacuum test on the apparatus. 
Notice that a negative value for the non-condensing gas 
concentration represents the existence of vapor superheat, 
which arises mainly from the uncertainties associated with 


measured quantities. 


D. VACUUM INTEGRITY 

Vacuum vant ness for any condensation system, especially 
at low pressures similar to large steam plant condensers 
which operate at an absolute pressure of about 50 mm Hg, 
is very important. This is because even a small amount of 
air or other non-condensing gas present with the condensing 
vapor tends to accumulate at the liquid-vapor interface. 
When this phenomenon takes place, an added thermal resistance 
occurs at the interface, which will degrade the heat-transfer 
performance considerably. Therefore, in order to be able to 
collect consistent and reliable data, extreme care was taken 
to ensure a leak-tight apparatus. In fact, as discussed 
earlier, during initial system operation prior to the 
conducting of any testing for this project, a relatively 
large leak was detected and repaired in a drain line for the 


auxiliary condenser. The detection of the source of this 
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leak was made easier following the replacement of the 
auxilary condenser outer casing with one constructed entirely 
of Pyrex glass. A photograph of the auxiliary condenser 
section with the glass outer casing is included as 
Figure 3.4. Following the repair of the leak, a leak rate 
which corresponds to a pressure rise of about 1 mm Hg in 
24 hours ata pressure of about 85 mmHg was measured. In 
addition, since the vacuum pump was operating continuously 
during the testing, any accumulation of non-condensing gases 


within the apparatus was effectively eliminated. 


E. DATA ACQUISITION SYSTEM 

An HP-9826A computer was used to control an HP-3497A Data 
Acquisition System to monitor the system temperatures’ and 
boiler input power (using the converter signal). Raw data 
were processed immediately using an assumed value for the 
Sieder-Tate-type coefficient (representing the tube-side 
heat-transfer coefficient) and stored on a diskette for 
reprocessing at a later time. After all the sets were 
collected, the data were reprocessed using a new Sieder- 
Tate-type coefficient found by using the modified 


Wilson method. 


F. TUBES TESTED 
For this thesis investigation, three copper tubes having 
integral, rectangular-section fins were tested. These tubes 


had dimensions of 1.0 mm for fin thickness and height and fin 
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A Photograph of Auxiliary Condenser. 
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Figure 3 


spacings of 0.5 mm, 1.0 mm and 1.5 mm. The upper sections of 
these tubes were systematically insulated using Teflon pleces 
with angles of approximately 30, 60, 90, 150 and 210 degrees. 
The Teflon material used as insulation was located both 
between the fins and over top of the fins as shown in Figure 
3258 An inner insulating piece was also used on the water 
side of the tube. 7 
The installation of the tube insulation used to test 
the finned tubes is listed below: 
(a) The interfin insulation was installed first on the 
finned tube as shown in the photograph in Figure 3.6. 
(b) Next, the fin tip insulation was installed and secured 
(using fine stainless steel wires) to the finned tube 
as shown by the photograph in Figure 3.7 and the tube 
side view in Figure 3.8. 
(c) The inner insulation and insert were installed inside 


the tube as shown in Figure 3.9. 
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Figure 3.6 A Photograph of Finned Tube with Interfin 
Insulation Installed. 
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A Photograph of Top View of Finned Tube with 
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Figure 3.8 A Photograph of Side View of Finned Tube with 
Fin Tip Insulation Installed. 
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A Photograph of Finned Tube Showing All Three 
Types of Insulation Present. 


IV. SYSTEM OPERATION AND DATA REDUCTION 


A. SYSTEM OPERATION 

The general procedures employed in the preparation and 
testing of the condenser tubes are outlined below. 

The exterior and interior surfaces of the tube~ were 
thoroughly brushed and rinsed with water. Then, considering 
the poor wetting characteristics of copper with water, the 
exterior surface was treated with a solution consisting of 
equal volumes of sodium hydroxide and ethyl alcohol. This 
solution was applied while the tube was heated using a steam 
bath. The initial treatment for each tube was to apply the 
solution approximately every ten minutes for a=: period of 
about one hour to allow an initial base coating (an oxide 
layer) to form on the tube surface. Before re-testing an 
already oxidized tube ona later day, this same procedure 
was per formed every five minutes for a period of 15-20 
minutes to ensure a continuous oxide layer and to remove any 
foreign materials, such as oils, from the tube surface. 
Following treatment of the tube with the above-mentioned 
solution, the tube was rinsed with distilled water to remove 
any excess solution. This treatment was required since 
copper has poor wetting characteristics with water. 
Therefore, steam will normally condense on copper under a 
partial dropwise condensation mode, which is more effective 


than the £ilmwise condensation mode. Since the purpose of 
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this investigation was to collect data on tubes undergoing 
filmwise condensation and the tubes were copper, great care 
had to be taken to ensure complete wettability through the 
use of the above-mentioned treatment of the external tube 
surfaces. Since the oxide layer provided in this manner is 
very thin, its thermal resistance was negligible. 

Following cleaning, the Teflon insulation was installed 
first between the tube's fins and then covering the tube fin 
tips. Following the installation of the insulation between 
the fins, the external surface of the tube was cleaned as 
before for about fifteen minutes. This cleaning process was 
again repeated following the installation of the Teflon 
section which covered the fin tips. 

Upon he completion of the cleaning process, the _ tube 
was installed into the test section of the apparatus. A 
Spiral insert and plastic insulation strip were installed on 
the inside of the tube. The purpose of the insert and 
plastic strip was to enhance the inside heat-transfer 
coefficient and insulate the upper section of the tube inner 
surface, respectively. 

Following the installation of the tube in the apparatus, 
the system was brought to operating pressure and temperature 
by adjusting the input power to the boiler heaters, the 
cooling water flow rate through the tube, and the cooling 
water flow rate to the auxiliary condenser. Steady-state 


conditions were assumed when the operating conditions were 
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stabilized within a steam temperature variation corresponding 
to 2 microvolts and a variation of the temperature rise of 
the cooling water in the range of 0.005 K and 0.01 K _ for 
atmospheric and vacuum, respectively. 

Once steady-state conditions were achieved, the data 
collection process could begin. The cooling water through 


the tube was entered manually into the computer starting each 


data measurement. The temperature rise of the cooling water 
through the tube, vapor pressure and temperature were 
gathered automatically by the data-acquisition system. For 


the first and last data points, the concentration of non- 
condensing gases (believed to be air) were computed to 
ensure that the apparatus was free of leaks. The sequence 
of data points was based on the percent flow rate of cooling 
water through the flowmeter and the test tube: 20, 26, £435, 
45, 54, 62, 70, 80, 20. Notice that an 80% flow rate 
resulted ina water velocity of 4.4 m/s through the _ tube. 
The repeating of the 20% data point at the end of the run 
was useful to ensure that the data were not affected by 
dropwise condensation or by any air that could have’ leaked 


into the system. In addition, two readings were taken at 


each flow rate also to demonstrate data repeatability. 


B. DATA REDUCTION 
The data were collected and processed using the same 
program used by both Mitrou (10) and Cakan (29). This 


program incorporates property functions, calibration curves 
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for the cooling water flowmeter and for all thermocouples as 
well as the temperature rise due to frictional heating within 
the mixing chamber. 

The overall heat-transfer resistance is given by equation 
(4.1) which is composed of the inside resistance, reece 
resistance, and the tube wall resistance. This equation 


(4.1) 1s as follows: 








R 
ee ei ew (Apa) 
UA h.A. hA A 
oO oO t I O oO O 
D, 
where D in(—) 
if D. 
R = ’ 
a 2k 
m 
A, =nD(L.+L,n, +24, n,) : and 
Ames or, 
(6) Oo 
wee - tin efficiencies at the inlet and outlet portions of 


the tube inside the Teflon bushings [14] 

a) = length of condenser test tube 

L, = length of tube portion (not exposed to vapor) inside 
nylon bushing at the inlet 

ag te length of tube portion (not exposed to ees inside 


nylon bushing at the outlet. 


The separation of the overall heat-transfer resistance into 
the three individual thermal resistances become neccessary to 
obtain the steam-side heat-transfer coefficient. The steam- 


Side heat-transfer coefficient was based on the smooth-tube 


ae) 


area (i.e., the surface area of a smooth tube having an 
outside diameter equal to the fin root diameter). The inside 
heat-transfer coefficent is given by a Sieder-Tate-type 
equation (4.2) and is determined using the modified Wilson 
plot method for the finned tube. 


aa hD 0.14 


; . y 
Nu = ——- = C,Re8pr!8 (=) 
R t Ul 


~ (4.2) 
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The accuracy of the steam-side heat-transfer coefficient 
from equation (4.1) tends to increase as_ the inside 
resistance term becomes a smaller fraction of the overall 
resistance. In order to increase the Beracuidk: coefficient 
accuracy, a coiled insert was installed inside all tested 
tubes. This insert provided a smaller flow area (therefore, 
a higher Reynolds number for a given mass flow rate) and a 
swirl -—within the tube resulting in improved mixing o£ the 
coolant and enhanced heat transfer. 

1. Modified Wilson Plot on Finned Tubes 
This method, which was previously discussed by Mitrou 
(10] and Cakan (29], was employed in this study to calculate 
the inside heat-transfer coefficient. The data were always 
collected by assuming a reasonable approximation for the 
Sieder-Tate-type coefficent. Upon the completion of 2 
run, the data were reprocessed using the Modified Wilson 


Plot analysis to determine a more accurate value for the 


Sieder-Tate-type coefficient. Based on this new Sieder-Tate- 
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type coefficient, the condensing heat-transfer coefficients 
were computed. 
2. Determination of Finned-Tube Enhancement 

In this investigation, the finned tube enhancement 
based ona fixed steam-side temperature difference was’ used 
as an important measure of the improvement of the _heat- 
transfer performance of the finned tube when compared to that 
of the smooth tube. In the course of these measurements and 
Calculations, a number of different tube enhancements’ were 
used, and are defined in this section. In general, the tube 
enhancement is defined as the Paci of the heat-transfer 
coefficient of the finned tube to the heat-transfer 
coefficient of the smooth tube. A list of definitions’ for 
the different enhancements used in this thesis are provided 
as follows using Figure 3.5 as visual support: 


(a) con represents the average enhancement of the 
uninsulated or bottom portion of the tube. 

(b) e, represents the average enhancement for the entire 
tube with no insulation present. 

(c) c, is the average enhancement of the insulated or top 
portion of the tube. Notice that this value was not measured 


directly, but was inferred from c_ and eae given by the 


following equation: 








Fe aol (4.3) 
a (= an 
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(d) E, is the local value of the tube enhancement with no 


insulation present. 


In order to determine the local enhancement ( ec ) 


> 
around the finned tube surface, a polynomial of the form 
of equation (4.4) was assumed. 
7 £ =a + 4a) @era od? +a ° (4.4) 
0) O 1 Z 3 . 
Thus, the average enhancement was determined as follows: 
eS | (4.5) 
ea edb © 
The cubic polynomial assumed for the local 


enhancement relationship requires four boundary conditions in 
order to determine the coefficient values. These conditions 


are as follows: 


(a) = oN at ee 14 
de. 

(b) —— = () at o=0 
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In addition to the above three boundary conditions, the least 
squares technique was applied to the relationship for the 
average enhancement to fulfill the conditions to define 
completely the coefficients of the equations. The specific 
steps required in these calculations and subsequent results 
for the average and local enhancement relationships are 


provided in Appendix C. 


62 


V. RESULTS AND DISCUSSION 


A. INTRODUCTION 

Data were collected on three horizontal finned tubes 
employing the procedure described in Chapter IV. As stated 
in Chapter IV, the three finned tubes tested had a fin height 
and fin thickness of 1.0 mm and fin spacings of 0.5, 1.0 and 
1.5 mm. The data runs were performed at both low pressure 
(approx. 85 mmHg) and atmospheric pressure on each tube at 
least twice on different days to ensure data repeatabilty. If 
two runs showed larger than 5% disagreement in the condensing 
heat-transfer coefficient, an additional run was made to 
obtain reliable data. During all runs, the test tube was 
visually | inspected to ensure filmwise condensation was 
occurring. Although some data runs suggested the presence of 
dropwise condensation by an increase of as much as 10 percent 
in the heat-transfer coefficient over previous’ runs, its 
presence was never visually evident. As discussed by 
Georgiadis [27], large increases in the heat-transfer 
coefficient appear to be as a result of the tube undergoing 
partial dropwise condensation with exposure to steam. Since 
visual observation of characteristic droplets never occurred, 
it is possible that dropwise condensation was taking place at 
a microscopic level, especially near fin edges where a very 


thin condensate film exists. All data runs presented in this 
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thesis satisfied the requirement of 5S percent agreement 
between corresponding repeatability runs. 

Initial data runs were performed on the three tubes 
without any insulation in order to establish heat-transfer 
coefficient values for the bare tubes. These initial runs for 
uninsulated tubes were necessary to show agreement with 
previous investigations and establish an independent basis 
for comparison of the effects of insulating the upper 
portions of the tubes. Additionally, these initial data runs 
provided values of the average enhancement ( cs ) of the 
uninsulated tube. 

Subsequent data runs were performed on the tubes’ with 
increasing portions of the upper tube section being 
insulated. The measurements were performed for nominal 
angles of 30) 60, 90, 150 and 210 degrees of the upper 
portion of the tube. Measurements were also performed using 
a smooth tube in order to ensure comparability with previous 


investigations. 


B. COMPARISON OF DATA WITH PREVIOUS INVESTIGATIONS 

Figure 5.1 shows the variation of the steam-side heat- 
transfer coefficient with the steam-side temperature drop for 
the three finned tubes in comparison with previous data 
obtained by Georgiadis [27] under low-pressure condition. 
Notice that the solid curves represent the icastfeueeee fits 


to the present data, while the broken curves represent the 
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Georgiadis ({17] for Low-Pressure Condition. 


Figure 5.1 Comparison of Present Data with Data of 
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least-squares fit to the data of Georgiadis [27]. These 
least-squares fits were generated according to the following 


expression: 


q=aAT?” (Soa 


Slightly more improved fits were possible by allowing the 
asponent of the temperature difference to be a variable to 
be found by the least-squares technique. However, the use of 
a constant value of 0.75 makes it quite convenient when 
defining the enhancement ratio as discussed later in this 
Chapter. Figure 5.2 shows a comparison of data similar to 
that of Figure 5.1, but for near-atmospheric condition. As 
can be seen, both of these figures show that the data of 
Georgiadis lie consistently up to 10 percent higher than the 
present data. It is possible that the data of Georgiadis had 
been slightly affected by microscopic dropwise condensation 
as discussed earlier. With systematic improvements made to 
the apparatus and to the tube-cleaning process, the present 
data are believed to be least affected by microscopic 
dropwise condensation. 

Figures 5.1 and 5.2 also show typical uncertainty bands 
for the steam-side heat-transfer _ coefficient computed using 
the procedures outlined in Appendix A. Notice that, while 
these uncertainties are 15.8% to 2.7% for the atmospheric 


condition, data were repeated to within 5%. 
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Figure 5.2 
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C. MEASUREMENTS FOR PARTIALLY INSULATED FINNED TUBES 

The tubes were insulated systematically up to 5 different 
angles as discussed in Chapter IV. The results of these 
measurements are presented in the format of outside heat- 
transfer coefficient versus the steam-side temperature 
dTererence. These results are shown in Figures 5.3 through 
5.8. These curves, as expected, show that as the size of the 
insulated portion of the upper tube section increases, the 
outside heat-transfer coefficient decreases. Notice that the 
outside (i.e., steam-side) heat-transfer coefficient is based 
on the total area of the corresponding smooth tube, 
regardless of the extent of insulation. Ths heat-tranenee 
coefficient represents the average value for the remaining 
uninsulated lower portion of the tube. As discussed before, 
the least-squares curves represent equation (5.1) where the 
coefficent ( a) values are listed in Table 2. 

Using the coefficients provided in Table 2, the heat- 
transfer coefficients for both smooth and finned tubes can be 
calculated. The heat-transfer coefficients can then Dbewuawse 
to determine the tube enhancement based on the temperature 
difference. The heat-transfer coefficient for the smooth 
tube is calculated by dividing the smooth-tube coefficient 
from Table 2 by the temperature difference raised to the 0.25 
power. The heat-transfer coefficient for the finned tube is 
calculated by using the finned-tube coefficient from Table 2 


divided by the same temperature difference raise to the 0.25 


6 8 


TABLE 2 


SUMMARY OF LEAST-SQUARES CURVES TO EXPERIMENTAL DATA 
(equation (5.2)) 


Insulated 
Tube No. Angle (deg) Vacuum Atmospheric 
1 smooth 23200 25600 
4 0 42800 67800 
30 37000 60100 
58 34800 56700 
90 30300 46400 
149 22600 31100 
210 12000 17900 
5 0 53800 80700 
i 29 49300 71200 
88 35700 53500 
148 19000 29400 
210 10400 15400 
6 0 57300 83400 
27 51200 75800 
88 36300 52800 
148 19300 32300 
211 9150 14400 
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Figure 5.3 Effect of Insulating Tube on Condensing Heat- 
Transfer Performance for Low-Pressure Condition 
(s = 0.5 mm). 
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Figure 5.4 Effect of Insulating Tube on Condensing Heat- 
Transfer Performance for Atmospheric Condition 
(s = 0.5 mm). 
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Figure 5.7 Effect of Insulating Tube on Condensing Heat- 
Transfer Performance for Atmospheric Condition 


(s = 1.5 mm). 
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Figure 5.8 Effect of Insulating Tube on Condensing Heat- 
Transfer Performance for Atmospheric Condition 
(s = 1.5 mm). 
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power. The tube enhancement (€,,) based on the temperature 
difference is then determined by dividing the finned tube 
heat-transfer coefficient by the smooth tube heat-transfer 
coefficient. 

The Sieder-Tate-Type eC?) constants for the ins tae heat- 
transfer coefficient and their modified values  ( C are 
plotted in Figures 5.9 and 5.10 for low and atmospheric 
pressures, respectively. The modified values of the Sieder- 
ae coefficient (oo) are based on the actual heat- 
transfer area, after subtracting the area occupied by the 


internal plastic insulation, and is computed by the 


relationship; 





C = ( =}, (San 


The curves shown in Figures 5.9 and 5.10, represent’ the 
average trends for the three tubes. The uncertainty in the 
Sieder-Tate-type constant was 2.5% and 2.8% for low pressure 
and atmospheric pressure, respectively. And the uncertainty 
in the modified Sieder-Tate-type constant ranges from 3.2% 
to 4.7% and from 2.8% to 4.9% for low pressure and 
atmospheric pressure, respectively. Notice that, as the 
angle of insulation increases, the measured coefficient ( Cc) 
increases slightly up to an insulated angle of about 0.5 
radians (28.6 degrees) then decreases, while the modified 
coefficient (Cc, ) increases and approaches a constant value 


of about 0.1. 
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Figure 5.9 Effect of Tube Insulation on Sieder-Tate-Type 
Coefficient (C7) and Modified Coefficient (C, 
for All Tubes at Low-Pressure Condition. 
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Figure 5.10 Effect of Tube Insulation on Sieder-Tate-Type 
Coefficient (C.) and Modified Coefficient (C;,) 
for All Tubes at Atmospheric Pressure Condition. 
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Notice that, as discussed in Chapter IV, the tubes were 
tested with a spiral insert, provided to enhance the inside 
heat-transfer coefficient. This insert had a single start 
spiral of a 3.2-mm-diameter copper wire wrapped around a 6.4- 
mm-diameter stainless steel rod allowing a pitch of about 40 
mm. When this insert was placed inside a test tube, the_water 
was forced to travel through this spiral channel. As a 
result, the water encountered heated and unheated sections 
repeatedly. While the thermal boundary layer develops during 
the heated portion, turbulent eddies would provide mixing 
during the unheated portion, thus resulting ina smaller 
water temperature in the near vicinity of the tube wall. 
Notice also that the spiral motion creates a centrifugal 
force, which directs the denser and colder water toward the 
interior Pie surface, thus supplementing the mixing process. 
For these reasons, the average heat-transfer coefficient in 
the next heated portion would be somewhat more enhanced than 
if the unheated portion was not. present. Based on this 
observation, it is possible that the enhancement in the 
heated portion (based on the heated surface area) of the tube 
increases with increasing length of the unheated portion as 
this would allow more and more mixing. Also, an upper limit 
to the length of the unheated portion must exist as complete 
mixing will be achieved within a finite distance of travel 


depending on the local conditions, such as the Reynolds 
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number. The above-mentioned explanations are only 
qualitative, and quantitative explanations are beyond the 


scope of this investigation. 


D. DISCUSSION OF STEAM-SIDE ENHANCEMENT 
To summarize the data presented in Figures 5.3 through 
Sayer steam-side enhancement ratios were defined as outlined 


below, as proposed by Masuada and Rose [15]. From equation 





(Sills 
Ia AT? = p AT (5.3). 
s s s s S 
See oe 
= a-AT, h AT, 
= — 0.25 
therefore, h,=a,AT, 
A =a AT 70.25 
3 s s 
i AT 0.25 
- apnea es —| (5.4) 
h a AT 
$ s if 


For constant steam-side temperature drop (i.e., AT, = AT, i 


uf (5.5) 
a 


$ 


© a 


As can be seen, the use of a constant exponent value of 0.75 
in equation (5.1) results in a simple expression for 
enhancement based on the temperature difference. Notice, 


however, this enhancement ratio does not depend on the vapor- 


side temperature difference. 
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Further, when considering the case of constant heat~-flux 


condition (i.e., qa a, A 


a. a =a. Chal (5.6) 
4/3 
ee | 
Ar, a. 


Substituting in equation (5.4), 








1/3 4/3 
q ala, a, 
— 4 
“a “ar 0G as 
Once again, ¢, is independent of AT or q. Since there 


exists a unique and simple relationship between e and « as 


aT 
shown in equation (5.7), only e,., will be presented during 
this Chapter. 

The average tube enhancement (¢&,,,) for the three tubes is 
plotted separately in Figures 5.11, 5.12, and 5.13. These 
Figures show that, for each of the tubes, the average 
enhancement is larger for the atmospheric condition. The 
smaller surface tension value at 100°C (0.069 N/m) compared 
to the value at 48°C (0.058 N/m) may be responsible for’. the 
larger . enhancement at atmospheric pressure. Notice that a 
smaller surface tension results in a smaller condensate 
retention angle, thus increasing the heat-transfer 
performance. The average enhancements are shown again in 


Figures 5.14 and 5.15 comparing the results for the three 


tubes. The uncertainty in the average enhancement data is 
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Variation of Average Enhancement with Angular 


Position for Tube with 3 = 0.5 mm for Both 
Pressure Conditions. 
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Figure 5.12 Variation of Average Enhancement with Angular 
Position for Tube with s = 1.0 mm for Both 
Pressure Conditions. 
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Figure 5.13 Variation of Average Enhancement with Angular 
Position for Tube with 3 = 1.5 mm for Both 
Pressure Conditions. 
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Figure 5.14 Comparison of Average Enhancement for All Three 
Tubes Under Low-Pressure Condition. . 


85 





.é) : 
ord A 
Sed rae 
eb) os 
pe ee 
QO, 7) 
wa yw 4 . 
Oo“ fiw 
5 E / 
qq ye / 
/ 
io ZS i 
= uv) a © fi wy 
( 2) ww e Pe ° / * 
Ay - =~ hee = / (Bi 
wn ie 
. i 
i / 
fe B 
ie ji 
I / 
a / 
I if fe 
ry : Ae) 
i / ee = 
I } — 
ce QO; QO 
: ! — 
<I 3 Wy > 
/ 4) 
i} s n 
4 Q) ow 
- / ae 
i: / TW 
fy oF 
i ze 
ae aS 
f { 
p y 
: / a 
f 
f Cj 
i 
Hf 
i 
<— CO) 


- 


i 


‘9 O°S O° Oe O'e O'T 0°O 
(173) INFWAONVHNG ACIS-WYALS 


3.0 


ur) 


‘> 
frat @ 


Be 


1.0 


INSULATED HALF AN( 


uD 


Q. 


0.0 


LE, @ (RAD) 


J 


Figure 5.15 Comparison of Average Enhancement for All Three 


Tubes At Atmospheric Condition. 
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10.7% and 10.2% for the low pressure and atmoshperic 
pressure, respectively. The results of the comparison are: 
(a) For the low pressure condition, the tube with a 1.5 mm 
fin spacing yielded _ the largest average enhancement, 
followed by the 1.0 mm and 0.5 mm spacing, 
respectively. 

(b) For the atmospheric condition, the tubes with 1.5 mm 
and 1.0 mm fin spacing provided the same average 
enhancement except in the lower sections of the tube 
where the 1.5 mm spacing out-~performed the 1.0 mm tube. 
The tube with fin spacings of 0.5 mm provided the 
lowest average enhancement. 

Using the average enhancement data together with the 
analysis described in Appendix C, the local enhancements of 
the tubes were calculated as shown in Figures 5,16 and 
9-17 for low and atmospheric conditions, respectively. The 
results of the comparison of the local enhancement for each 
of the tubes are: 

(a) For the low pressure condition, the tube with afin 
spacing of 1.5 mm yields the largest local enhancement 
followed by the 1.0 mm and the 0.5 mm fin spacings. 

(b) At atmospheric conditions, the local enhancement curves 
for the tubes with fin spacing of 1.5 mm and 1.0 mm co- 
incide at angles less than about 0.8 radians and 


separate slightly as the angle increases with the curve 


for the 1.5 mm tube remaining slightly larger. These 
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Comparison of Local Enhancement Curves for All 
Three Tubes At Low-Pressure Condition. 
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Comparison of Local Enhancement Curves for All 
Three Tube At Atmospheric Condition. 


Figure 5.17 
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curves both cross the 0.5 mm curve at angles approxi- 
mately 2.0 and 2.1 radians for the 1.0mmand 1.5 mm 
tubes, respectively. 

Notice that the enhancements shown in Figures 5.16 and 


5.17 drop below zero as the angle approaches d=n. The 


negative values of enhancement are attributed to experimental 
uneeneatney. Notice also that the shape of these leGan 
enhancemnt curves is dependent on the type of polynomial 
chosen. A more realistic curve, probably guided by 
theoretical considerations, which includes an inflection 


point at the flooding condition is expected to yield an 


improved expression for the local heat-transfer coefficient.1 


E. DISCUSSION OF OUTSIDE HEAT-TRANSFER COEFFICIENT 

The local heat-transfer coefficient was compared to its 
value at the top of the cube : This ratio was achieved by 
dividing the local enhancement at the position of concern by 
the local enhancement at the top of the tube. The results of 
these calculations are contained in Figures 5.18 and 5.19 for 
the low pressure and atmospheric conditions for all three 


finned tubes. The heat-transfer coefficient ratio in these 


u Additional attempts were made using MATLAB on the 
mainframe computer together with the following expressions: 
(a) sixth-order polynomial, (b) sum of cosine terms i.e., 


Ey = a + a, cosh + a, cos 2p + a, cos 3h +a, costh + a. cos Sp + a,cos6® y 


(c) sixth-order polynomial of ws . Unfortunately, none of 
these expressions gave results superior to those presented 
in this thesis using the third-order polynomial. 
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Figure 5.18 Comparison of Normalized Heat-Transfer 
Coefficient for All Three Tubes At Low-Pressure 
Condition and Normalized Nusselt’ Theory. 
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Comparison of Normalized Heat-Transfer 
Coefficient for All Three Tubes At Atmospheric 
Condition and Normalized Nusselt Theory. 
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Figures shows the variation in the heat-transfer coefficient 
along the surface of the tube. In addition, a curve 
representing the Nusselt theory is also plotted in Figures 
5.18 and 5.19 to allow comparison of the experimental 
Pesults to the theoretical model. The results of the 
comparison of the heat-transfer coefficient for the - three 
tubes to each other shows that, for both pressure conditions, 
the local heat-transfer coefficients remain relatively close 
together across the entire surface of the tube. The 
comparison of the heat-transfer coefficient for the three 
Einned tubes with the curve generated using the Nusselt 
theory shows’ that the values decrease gradually along the 
surface of the tube while the predictions by Nusselt’ theory 
decreases slowly with a large decrease at the bottom of the 
Peabe. Notice that a rapid decrease in the heat-transfer 
coefficient indicates a sharp rate of increase in condensate 
film thickness. For finned tubes, a rapid increase in film 
thickness is expected at the flooding point. On the other 
hand, for smooth tubes, such a rapid increase in film 
thickness occurs only near the bottom of the’ tube. These 


agreements agree quite well with the trends shown in Figure 


oe to . 
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VI CONCLUSIONS AND RECOMMENDATIONS 


CONCLUSIONS 

The procedure used during this study by insulating 

various portions of the upper section of finned 

tubes, together with a third-order polynomial, resulted 

in a representative variation for the local nee 

transfer coefficient around the circumference of the 

tubes. 

The average enhancement for the tubes with fin spacings 

of 90.5, 1.0 and 1.5 mm were 2.5, 3.0 and 3.1, 

respectively, for the atmospheric pressure conditions. 

And they were 1.8, 2.3 and 2.4 .for the low pressure 

condition. 

For the fully flooded tube (i.e., s = 0.5 mm), the 

local enhancements at the top of the tube were 5.2 and 

3.8 for atmospheric and low pressure conditions, 
respectively. For the tube with a fin spacing of 1.0 mn, 
these values were 6.6 and 4.8, respectively. And for the 
tube with a fin spacing of 1.5 mm, these values were 6.6 
and 5.5, respectively. 

The Sieder-Tate-type coefficient ( C ) undergoes changes 
as the insulated angle is increased. This coefficient 
( Cc) increases to a maximum of approximately 0.075 at an 
angle of 0.5 radians (28.6 degrees) and then decreases as 


the angle of insulation continues to increase toward the 
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1. 


bottom of the finned tube. The modified Sieder-Tate- 
type coefficient (Cc) (i.e., the value based on the 
actual heated area) increased as the insulated angle 
increases up to a value of approximately 0.1 at an angle 
of 1.0 radians (57.2 degrees) where it remains relatively 
constant. The increase in the modified coefficient (Cc) 
Pith the increasing insulated angle is believed to be due 
to the turbulent mixing during the unheated portion. 

The local-heat-transfer coefficient for the finned tube 
rapidly decreases along the surface of the tube when 
compared to the Nusselt theory for the smooth tube. This 
occurrence is due to the slow build up of condensate film 
thickness along the surface of the finned tube, thus 
decreasing - the local heat-transfer coefficent more 


rapidly. For the smooth tube, the condensate build up is 


more sudden near the bottom of the tube. 


RECOMMENDATIONS 

Using the same techniques, the measurements should be 
repeated using smaller and more numerous angles of 
insulation. This should allow for a more detailed 
picture of the behavior of the local heat-transfer 
coefficient around the circumference of the finned tube. 
Investigations should be performed using different fluids 
such as R-113 and ethylene glycol, to generate data _ for 
obtaining further insight to the local heat-transfer 


coefficient. 
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A study of the effect of the outside insulation on the 


condensate flow field around the surface of the tube 


should be conducted. 
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# 4, 


APPENDIX A 
LISTING OF RAW DATA 


The following pages contain raw data obtained for tubes 
# 5, and # 6 at low and atmospheric pressures. 
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APPENDIX B 


UNCERTAINTY ANALYSIS 


There is always an uncertainty associated with any 
measurement which is dependent on the measuring device 
accuracy, calibration of the device, and the operator's 


experience. Numerical data collected during this thesis 
effort were used together with theoretical formulations, so 
final values of the steam-side heat transfer coefficient may 
be distorted due to uncertainty propagation during 
calculations. In cases where the final results show large 
uncertainties, it may be unwise to accept the experimental 
results. The uncertainty on a computation can be determined 
using the following equation proposed by Kline and McClintok 


{30] shown below: 


(boas 








aR . aR e aR : 
—w) -( wip te. +(=w,) 
\ dx, 1 - Ox - Ox a 


where 
R is the result 
wis the uncertainty of the desired dependent variable 
Xx ,x, are the measured independent variables 
Wi Wow W are the uncertainties in the measured 
variables. 
A complete discussion covering the development of the 


uncertainty analysis used for this investigation is given by 


Georgiadis [27]. The uncertainties associated with various 
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quantities during this experiment were obtained using the 


program "UNA9" listed in Mitrou's thesis [10). 
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DATA FOR THE UNCERTAINTY ANALYSIS: 


File Name: FO4V17 
Pressure Condition: Vacuum (11 kFa) 
Steam Temperature = 48.50 (Deg C) 
Water Flow Rate (7%) = 20.00 7 
Water Velocity = Pe (m/s) 
Heat Flux = 2. 1156405 Vr ree) 
Tube-metal thermal conduc. = 385.0 (W/m.k) 
Sieder-Tate constant - 0.0704 
UNCERTAINTY ANALYSIS: 

VARIABLE PERCENT UNCERTAINTY 
Mass Flow Rate, Md Mapes |) 
Reynolds Number, Re 3.06 
Heat Flux, gq Baus 
Loq-Mean-lJem Diit. Litt OSes 
Wall Resistance, Ry Peary 
OVetal) Hite oe suG ee |) 
Watef=orde cis ln ce tia 2.58 
Steam=5o1Gde mel eo. iG [3.44 
DATA FOR THE UNCERTAINTY ANALYSIS: 
File Name: FO4V17 
Pressure Condition: Vacuum (lt ikpaw 
Steam Temperature = 4¢,49 (Deg C) 
Water Ff louskhate (7) = 80.00 
Water Velocity = 4.44 (m/s) 
Heat Flux = 3. 41384058 bly? 
Tube-metal thermal conduc. = Joon (W/m.K). 
Sieder-Tate constant ~ 0.0704 
UNCERTAINTY ANALYSIS: 

VARTABLE PERCENT UNCERTAINTY 
Mass Flow Rate, Md 0.78 
Reynolds Number, Re ees 
Heat eh luca ye 
Lag-Mean-Tem Diff, LMID lee 
Wall Resistance, Fw PSs i 
OVetral tate Gao [eas 
Wareer eo Glee tc) ee ene 1.16 
Stedam-o10e) fatac. sane on 3) 
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DATA FOR THE UNCERTAINTY ANALYSIS: 


File Name: FO4HI2 
Pressure Condition: Atmospheric ({0!1 kPa) 
Steam Temperature = SAS (Deg C) 
Water Flow Rate (7) = 20.00 
Water Velocity = liecaleZ inSe) 
Heat F lux = &6.198E+05 (W/m’ 2) 
Tube-metal thermal conduc. = oo. (W/m.K) 
ereaer-late Ons allt: = 0.0667 
UNCERTAINTY ANALYSIS: 
VARTABLE PERCENT UNCERTAINTY 
Mass Flou Rate, Md ha Sf 
Reynolds Number, Re & lve 
Heat Flux, 4 a) 
log-Mean-Tem Diff, LMID Orel: 
Hall Resistance, Rw AEST 
Weema! H.1.C., Uo eau 
Peeeme Gide H.I.C., Hi 2.60 
meoamaoide H.1.C., Ho Powe o 


Tiered THE UNCERTAINTY ANALYSIS: 


File Name: FO4AI2 
Pressure Condition: Atmospheric (!U! kPa) 
Steam Temperature ~= 100.05 (Peg 7) 
Water Flow Rate (7%) = 80.00 
Water Velocity = Ae fay 6 (m/s) 
Heat Flux = 1.G004E+06 (W/m*2) 
Tube-metal thermal conduc. = 385.0 (W/m.K) 
Sreqder-late constant = 0.0667 
UNCERTAINTY ANALYSIS: 
VARIABLE PERCENT UNCERTAINTY 
Mass Flow Rate, Med 0.79 
Reynolds Number, Re | 5 UL 
Heat Flux, 4g USB IS. 
Log-Mean-Tem Diff, LMITD 0.41 
Wall Resistance. Fw aalel 
Uvematt H.1.C., Uo ee 
maeer-oide H.1.C., Hi ee) 
Seeam->ide H.1T.C., Ho PENT 
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DATA FOR THE UNCERTAINTY ANALYSIS: 


File Name: GV14 

Frescunre meena sion: Vacuum (Cll keep 

Steam Temperature = 49.15 (Deg C) 

Water Flow Rate (%) = 20.00 

Water Velocity = 1 ales m7 on 

Heat Flux = 1.622E FOS (nie 

Tube-metal thermal conduc. = Sonal (W/m.K) 
= 0.0687 


Sieder-~Tate constant 


UNCERTAINTY ANALYSIS: 
VARIABLE PERCENT UNCERTAINTY 


Mass Flow Rate, Md 
Reynolds Number, Re 
Heat Flux, q ; 
Log-Mean-Tem Diff, LMTD 
Wall Resistance, Rw 
OVveralien. lO sue 
Waiver ote me © arcana 
Steameolder titel. wine 


DON WR OW Corto 
ep) 
Ni 


DATA FOR THE UNCERTAINTY ANALYSIS: 


File Name: SYV14 

Pressure Condition: - Vacuum (11 kPa) 

Steam Temperature = 48.98 (Deq C) 
Water Flow Rate (7) = 76725 

Water Velocity : 4.22 (m/s) 
Hed ti ux = 2.20U3E+05 CH mie 
Tube-metal thermal conduc. = 385.0 (W/m.K) 
Sieder-Tate constant = 0637 


UNCERTAINTY ANALYSIS: 
VARIABLE PERCENT UNCER T aaa, 


Mass Flow Rate, Md 
Reynolds Number, Re 
Heat Flux a 
loa-Mean-Tem Diff, LMID 
Wall Resistance, Rw 
Overall neler eG 

Wa bem ouG@ eu tail enn ant 
Steam oa mri Gaeealg 


D—-PPOPR mh ao 
Ga 
“J 
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DATA FOR THE UNCERTAINTY ANALYSIS: 


File Name: SIAI11 
Pressure Condition: Atmospheric (JO kPa) 
Steam Temperature - 5 (Deg C) 
Water Flow Rate (2) = 20.00 
Water Velocity = 1.16 (m/s) 
Heat Flux 3 3.837E+05 (W/m*2) 
Tube-metal thermal conduc. = 385.0 (W/m.K) 
Sieder-Tate constant = 0.0710 
UNCERTAINTY ANALYSIS: 
VARIABLE PERCENT UNCERTAINTY 
Mass Flow Rate, Mad Se.) 1 
Reynolds ae Re 3ull 
Heat Flux, es 
Bog-Mean- ten hittin LMTD. 0.28 
Wall Resistance, Rw BOB 
WvMeral!l H.1.C., Uo 3.06 
fever -oide H.J.C., Hi 2.62 
momeam-oide H.[.C., Ho 6.43 
DATA FOR THE UNCERTAINTY ANALYSIS: 
File Name: SIA11 1 
Pressure Condition: Atmospheric (101 kPa) 
Steam Temperature = 35.00 (Deg C) 
Water Flow Rate (7) = 80.00 
Water Velocity = 4.40 (m/s) 
Heat Flux = S5.043E+05 (W/m 2) 
itige-metal thermal par dive:, = 385.0 (W/m.K) 
Sieder-Tate constant = 0.0710 
UNCERTAINTY ANALYSIS: 
VARIABLE PERCENT UNCERTAINTY 
Mass Flow Rate, Md ees) 
Reynolds Number, Re Pelee 
Heat Flux, q (Aas 
Log-Mean-Tem Diff. LMID 0.32 
Wall Resistance, Rw fares yA 
Sresall H.1.C., Uo aay 
Water-Side H.T.C., Hi Ve20 
mieeam-oide H.J.C.. Ho 2.08 
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APPENDIX C 
LEAST SQUARES CALCULATIONS 


the average and local enhancement 


The derivation of 


relationships 1S summarized as follows: 


—_— 


(a) Assume a third-order polynomial for the local enhancement 
ratio: 

s =a. +a ha. amen (mee) 

> OQ as 2 3 


(b) Apply the first boundary condition, 


de 
—— = 0 at b= 0 
dp 
de F 
db =, +2a,6+3a,$ 
a,=0 
_ 2 3 
a Ge oa +a, 
(c) Apply the second boundary condition, 
- at at d=n 
= | 2 3 
0 =a, +a,n +a,n 
= 2 3 
a,=-(a,n?+ a, n°] 
7. 3 2 3 
a= —(aya?ta,n") + 4,07 +454 
(d) The average enhancement relationship is determined using 


the definition of the average value of a function 

” L |’ 
=_— e 
9 ? 


b hy 
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> 
2 3 
| (- ayn —a,n +a,6+ a, 9°) de 


yields, 
im 2 2, OR 
Taleo | CG (a 


(e) Apply the third boundary condition, e, = B at ob=n 


f . 


to the average enhancement function. B is defined as 


the value of the average enhancement for the uninsulated 


tube. 
9 3 9 a4 g 
B=-a.n -a.n'+ —nm+—no 
2 3 3 4 


which simplifies to 
4B 8 


3 2 
a 9n 


€ a Wa, ene & 2)( = ats : 
= ee — = —_— — ——w — aq 
: : 3 + ‘On * 


3 
37 
which simplifies to, 


: > > 8m -) 4B BO? 
€& =a,j —-m + — +] oO) dt OO 
= pe 3 9 9n 3 863 


(f£) Apply the final condition in the form of the least 


Now, 














Squares technique. Minimize the error as follows: 
: 3 2 je pe 
S=ret= ree |a,(-nt+ © =), 84] 
Bains 3 9 9n 3 37 
by ds _ 
da, 
hich yi 
whic yields, _ TERMI 
"2 TERM2 
ee ee ee , Ahn ABW 828, 
2 as as _~—F OD 
TERM] = —-n’ Ze, + aie, 7 : De. 5 eK N 3 D 27 
8B B B 8B 2B 
+ 23 np 5 vg?+ 2 2ghs 2 2g? -—— 2! 
Cie, ! 3 i tgp 2 en 0G 


a at 

















2 4 2 
20 160 4n 1 160 9 32 
__4 See =e Eo?-—E 
TERM2 =n N- 3 Lo - 9 N + 9 =o; + 9 14 oF 27 %; 81 ? 
4 2 64 n° 4 6 
27 1 : 81 Bin? : 


(g) The results of the above steps yield relationships for 
the local and average enhancement of the form: 


2 3 
oS Nae yaar: +a, Be: 


ibe 2 3 
£, = 6) + bod + bo 
where the values of the a coefficients were defined 


above and the values of the b coefficients are related 


to the a coefficients as follows: 


_ 2 ae 
oa ~(a,n + aM } 
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